RATIONALE: Analysis of steroids from precious blubber biopsies obtained from marine mammals, especially endangered species, can provide valuable information on their endocrine status. Challenges with currently used ELISA methodology include lack of absolute quantitation and incompatibility with multiple steroids analysis due to limited biopsy mass. Development of a sensitive, accurate analytical method for this purpose is critical. METHODS: A nanospray liquid chromatography/tandem mass spectrometry (nanoLC/MS/MS) method was validated for sensitive, specific and quantitative analysis of three steroid hormones, without derivatization, extracted from 50 mg blubber samples. Data was acquired with an LTQ XL ion trap mass spectrometer in positive ion mode, using single reaction monitoring. All three steroids were analyzed in a single run. Cholic acid was used as a surrogate internal standard for quantitation due to its steroidal structure and lack of measurable endogenous levels in blubber. RESULTS: The lowest limits of quantitation for progesterone, testosterone, and hydrocortisone were significantly improved compared to previous studies using conventional LC/MS/MS. The lowest limit of detection was 7 fg/μL using a 1 μL injection volume. Calibration curves for steroid quantification showed good linearity (r 2 >0.99) between 14 and 3620 fg/μL, and accuracy was <20% for interday and <10% for intraday. After validation, the method was successfully applied to quantification of steroids in gray whale blubber samples. CONCLUSIONS: The nanoLC/MS/MS method is more sensitive than traditional LC/MS/MS for steroid analysis. It is also compatible with other important biopsy analyses due to its small blubber mass requirement. This will benefit the reproductive and stress assessments for all marine mammals, particularly endangered populations.
Data on stress status and reproductive fitness are challenging to obtain in free-swimming populations of marine mammals but are critically needed for science-based management and conservation plans. Steroid hormone analyses can provide key information regarding health and fitness and have been conducted previously in marine mammal tissues to determine pregnancy status, [1] [2] [3] [4] [5] male reproductive status, [6] and stress load. [7] [8] [9] [10] While steroid analyses have been conducted in marine mammal blow, feces, and serum, [1, 8, 9, [11] [12] [13] [14] [15] a blubber biopsy is so far the most reliably accessible, and thus suitable, sample matrix that can be collected from free-ranging animals.
Enzyme-linked immunosorbent assay (ELISA) has been reported for steroid hormone analysis in blubber matrix. [3, 4, 6, 10, 16, 17] The original work was established on plentiful tissue obtained from necropsied animals. Blubber biopsies from live specimens are much smaller and are divided out for multiple analytical studies including genetic, stable isotope, fatty acid, biomarker, and contaminant analyses. [18] [19] [20] [21] [22] [23] [24] The ELISA methodology requires 75-150 mg of tissue. Thus, the steroid determination consumes the majority of the biopsy and this precludes additional analyses. Further limitations of ELISA include steroid hormone antibody cross-reactivity, variability between kits from different suppliers, and inability to determine absolute quantification for biopsy-size samples. [25] [26] [27] Only three studies report on steroid analyses by ELISA in blubber biopsies from free-swimming individuals. [2, 5, 8] In all cases the sample size allowed for only one hormone to be analyzed by ELISA and this was without absolute quantitation. An improvement in the analysis of biopsy samples is clearly important for future work on endangered marine mammals where sample tissue is highly precious. This manuscript reports on the optimization of nanospray-liquid chromatography/tandem mass spectrometry (nanoLC/MS/MS) for single run determination of three steroid hormones from small amounts of blubber biopsy samples.
Steroid hormone analyses using LC/MS/MS techniques have been conducted in various species and tissues. [28] [29] [30] [31] [32] Although there has been great utility of nanoLC/MS/MS for peptide analysis due the increased sensitivity of this method, there has been limited use of nanoLC/MS/MS for steroids. A study by Chatman et al. [33] using nanoLC/MS/MS focused on liquid matrices (plasma, urine and CSF) and used steroid derivatization. In the nanoLC/MS/MS method reported here, three steroids were analyzed from extracts of complex blubber matrix without derivatization.
The nanoLC/MS/MS method reported here provides a multihormone profile by determining progesterone, testosterone, and hydrocortisone from a single blubber sample. Small blubber samples (50 mg) were collected from necropsied eastern gray whales (Eschrichtius robustus). These samples were processed and the mass spectral parameters were optimized for nanoLC/MS/MS. The method described here requires no chemical derivatization, provides specific quantification for three steroid hormones, employs a sample injection of 1 μL, and a flow rate of 300 nL/min. This leads to a reduction in the amount of sample required (50 mg) and to very low solvent consumption. The nanoLC/MS/MS provides a significant improvement in the quantitation limit for steroids in this study and will provide better information on these three steroids at biologically relevant concentrations in the complex blubber matrix. 
EXPERIMENTAL

Steroid hormone extraction
Each 50 mg of gray whale blubber biopsy sample was sliced and placed in lysing matrix A with 1400 μL of 100% ethanol and homogenized for eight 45-s periods at a speed of 6.5 m/s on a FastPrep® 24 (MP Biomedicals, Solon, OH, USA). The homogenate was transferred to a glass culture tube (16 × 100mm; Fisher Scientific #14-961-29) and processed through four wash steps using 100% ethanol. The homogenate was extracted sequentially with ethanol, then acetone, and finally using diethyl ether. After the addition of each solvent the samples were mixed by vortex at medium speed for 5 min on a multitube vortex (VWR standard vortex mixer), centrifuged in an Allegra 6R centrifuge (Beckman Coulter Life Sciences, Indianapolis, IN, USA) at 3750 g for 15 min, and evaporated under compressed nitrogen or liquid nitrogen using a TurboVap® LV (Biotage, Charlotte, NC, USA). After the third evaporation, 1.5 mL of acetonitrile was added, and samples were mixed by vortex at a medium speed for 5 min. Hexane (1.5 mL) was added and samples were mixed by vortex at a medium speed for 5 min. Samples were centrifuged at 3750 g for 15 min and incubated at -20°C for 2-3 h to allow for complete separation of acetonitrile and hexane. After this incubation period, the hexane was transferred to the appropriate waste container. A second 1.5 mL of hexane was added, and the samples were mixed by vortex at a medium speed for 5 min, centrifuged at 3750 g for 15 min and incubated at -20°C for 2-3 h. The acetonitrile layer was filtered using a Safety-Lok syringe (5 mL; BD Medical #305558) and a RC syringe filter (30 mm × 0.45 μm; Thermo Scientific #F2500-7) and transferred to a new tube with the hexane being discarded. Samples were evaporated to dryness in a Speed Vac (Thermo Scientific) at room temperature and dissolved in 50 μL of 5 nM cholic acid solution (40% acetonitrile with 0.1% formic acid). Samples were sonicated for 5 min and vortexed until dissolved to form a clear solution. Prior to injection, sample was diluted 10-fold with the same 5 nM cholic acid solution and 1 μL of diluted sample was injected for nanoLC/MS/MS analysis. This 1 μL is equivalent to 100 μg of extracted blubber sample.
Liquid chromatography and mass spectrometric conditions
A Dionex Ultimate 3000 nano LC system consisting of an autosampler, degasser, two binary pumps, and an Acclaim Pepmap RSLC analytical column (75 μm × 15 μm, nanoviper, C18, 2μm, 100 A; Thermo Scientific) was used for the chromatographic separation of progesterone, testosterone, hydrocortisone and cholic acid. The mobile phases consisted of LC/MS grade water containing 0.1% formic acid as solvent A and LC/MS grade acetonitrile containing 0.1% formic acid as solvent B. The gradient profile began with 40% B with a flow rate of 300 nL/min for 12 min, linearly increased over 4 min to 70% B and then to 95% B over 9 min, and finally decreased to 20% B for equilibration of the column. MS detection was performed in the positive ionization mode on a Thermo LTQ XL linear ion trap mass spectrometer equipped with a nano electrospray ionization (ESI) source. The selected reaction monitoring (SRM) method was used for analysis of steroids. The four different analytes eluted at different retention times based on their hydrophobicity, and the entire gradient was divided into four segments based on these retention times. Each segment used a specific tune file optimized for improved detection of the steroid eluting during that segment, with steroid precursor mass specified for fragmentation, resulting in Nano-LC-MS/MS analysis of steroids from gray whale blubber wileyonlinelibrary.com/journal/rcm better selectivity. The collision-induced dissociation (CID) experiments were performed with ultrapure helium gas as the collision gas. The optimized conditions for the SRM method were as follows: ion spray voltage, 1.90 kV and source temperature 220°C. The precursor-to-product ion transitions used for the SRM transitions are summarized in Table 1 .
Preparation of stock and standard solutions
Stock solutions of progesterone, testosterone and hydrocortisone were prepared as 5 mM solution in ethanol. The stock solutions were serially diluted with 50% acetonitrile to obtain a series of dilutions from 0.1 nM to 10 nM concentrations. A surrogate internal standard solution of 5 nM cholic acid was also prepared in 50% acetonitrile. All stock and standard solutions were kept at -20°C and brought to room temperature before use. The spiking studies standards were prepared by spiking different amounts of standard working solutions of progesterone with 50 μL of 5 nM cholic acid.
Method validation
The linearity of the standard calibration curves for progesterone, testosterone and hydrocortisone was evaluated over the concentration range of the curve. The precision, matrix effects, and quantitation limits were determined.
RESULTS AND DISCUSSION
Qualitative analysis of steroids by nanoLC/MS/MS
Conventional LC/MS/MS has been widely used for the analysis of various small molecules including steroids. [34] NanoLC/MS/MS has been frequently used for the analysis of peptides and proteins due to its high sensitivity; however, there are only limited reports of the use of nanoLC/MS/MS for the analysis of steroids. [33] NanoLC uses much lower flow rates (generally 300-500 nL/min) compared to conventional LC systems and, therefore, uses much less solvent, making it more cost-effective and consistent with green chemistry principles.
This study reports the application of nanoLC/MS/MS to determine progesterone, testosterone, hydrocortisone, and cholic acid (surrogate internal standard) in gray whale blubber. All the steroids used for this study were detected as [M+H] ions in the positive ion mode (Table 1 ). Figure 1 shows the precursor ion of progesterone detected at m/z 315. 25 Table 1 .
Retention times of 23.91 min, 19.44 min and 14.91 min were observed for progesterone, testosterone and hydrocortisone, respectively. Figure 2 shows the total ion chromatogram (TIC) showing a good separation of the four analytes with the nanoLC/MS/MS system. The limits of detection (LODs) using nanoLC/MS/MS were found to be 7.8 fg/μL, 7.2 fg/μL and 9 fg/μL for progesterone, testosterone and hydrocortisone, respectively. These LODs are an improvement compared to that reported for the analysis of urinary steroids using conventional LC where the LOD was 50 fg/μL. [28] This improvement in sensitivity over conventional LC is of particular importance where the sample quantity is limited.
Quantitation of steroids
Single reaction monitoring (SRM) experiments were performed for quantitative analysis of steroids. The list of precursor ions and the product ions used for SRM is shown in Table 1 . Cholic acid was used as a surrogate internal standard to quantify the three steroids and comparatively compensate for ionization suppression or enhancement due to blubber matrix effect. It is recognized that isotopically labeled standards are the best way to correct for ionization differences but these compounds are expensive. In this study a surrogate IS was selected that was similar to the analytes of interest in terms of ionization from the matrix. Cholic acid was chosen as the surrogate IS because it is readily available, inexpensive and was not detected in the control blubber samples.
Calibration curves were made from six different concentrations of analyte (with constant concentration of IS). The curves for progesterone, testosterone and hydrocortisone quantitation were generated in the range of 0.05-10 nM. For example, a 1 μL injection of the various progesterone standards provides: 0.05 nM (16 fg/μL), 0.1 nM (31 fg/μL), 0.5 nM (157 fg/μL), 1 nM (314 fg/μL), 5 nM (1.572 pg/μL) and 10 nM (3.14 pg/μL). Cholic acid concentration was held constant at 5 nM. A good correlation was observed between the concentration of analyte used in the experiment and the ratio of peak area of analyte/IS expressed by r 2 of the calibration curves (Fig. 3 , Table 2 ). All three steroid calibration curves exhibited linearity over the wide range of 0.05-10 nM ( Table 2 ). The lower limit of quantification (LLOQ) was determined using the lowest analyte concentration giving a minimum signal-to-noise ratio (S/N) >10. Determination of the S/N is performed by comparing measured signals from a sample with a known low concentration of analyte with those of blank samples and by establishing the minimum concentration at which the analyte can be reliably quantified. Based on that, the LLOQ of each steroid was calculated and found to be 16 fg/μL for progesterone, 14 fg/μL for testosterone and 18 fg/μL for hydrocortisone.
The method described here for quantification of steroids delivered significant improvement in the LLOQ in comparison to a previous study where conventional LC/MS/MS was used for quantitation of steroids. The study by Keski-Rakhonen et al. [35] reported an LLOQ of 100 fg/μL for various steroids including progesterone with an injection volume of 40 μL (injection volume in the current method is 1 μL). This indicates that the nanoLC/MS/MS method described here is more than a 200-fold improvement in the LLOQ compared to that reported using conventional LC/MS/MS. Another study published by Kunze et al. [31] reported an even higher LLOQ for testosterone and progesterone at 4400 fg/μL and 2500 fg/μL, respectively. The LLOQ for derivatized steroids described by Zhang et al. [32] in human cell line samples showed a comparable result (10 fg/μL for testosterone). However, chemical derivatization is time consuming and adds another step to the analysis which could introduce additional errors. Therefore, the direct nanoLC/MS/MS method described here is much easier for analyses of complex biological samples without having to use chemical derivatization.
Precision and accuracy for quantitation
The precision and accuracy for the peak area ratio of the three standard steroid hormones were evaluated by analysis of the standard mixture at different times during the same day as well as different days (Table 3) . Interday precision and accuracy were determined by repeating the analysis of the standard steroid mixture over three consecutive days. The concentration of each sample was determined from their wileyonlinelibrary.com/journal/rcm linear calibration curves. The mean of recovered concentration, the standard deviation and the percent coefficient of variation for each steroid were calculated and are shown in Table 3 . Precision was determined by the relative standard deviation or coefficient of variance (CV) of the measured concentration.
Effect of matrix on recovery
To validate the current quantification method, the recovery of steroids in the samples was examined to demonstrate the effect of matrix on recovery of steroids. For this purpose, sample extracts from a blubber sample obtained from an adult male containing no endogenous interfering progesterone were diluted 10 times with equal amounts of surrogate IS and various amounts of progesterone ranging from 31.45 to 3145 fg/μL. After nanoLC/MS/MS analysis, the progesterone quantification was calculated by the peak area ratio of the spiked progesterone to surrogate IS. The recovery ratios were expressed as:
Percent recoveries ¼ ðamount of progesterone quantitated= amount of progesterone spikedÞÂ100 Table 4 summarizes the percent recovery for this experiment. The recoveries were between 88 and 118%. The results demonstrate acceptable recovery with method precision of less than 20% from actual concentration. This is comparable to data previously reported. [31, 32] Both testosterone and hydrocortisone are likely to be present in the blubber of both male and female cetaceans of calf, juvenile, and adult life-stages. While we report here on one adult female with no detectable testosterone or hydrocortisone, the small sample mass precluded the assessment of the possible matrix effects for these two steroid hormones in the blubber matrix. Currently, an appropriate blubber analog matrix is not available to conduct these assessment studies, and we recommend they be conducted opportunistically when suitable and adequate blubber samples are obtained.
Quantification of steroids in blubber samples
ELISA has been used to quantify steroids in various biological samples. The low specificity of the antibodies used is a significant concern. Therefore, development of a method with high selectivity and sensitivity is very practical. The present method was applied to quantify the levels of steroids in gray whale blubber samples. The three steroids in this study were detected in 50 mg of whale blubber matrix. Calibration curves were used to quantify the steroids in the sample using the SRM method. The IS cholic acid did not interfere with this detection and provided improved quantitation of steroid hormones from blubber matrix. Table 5 summarizes the quantitative data obtained from three whale blubber biopsy samples showing measurable differences between individuals. 
CONCLUSIONS
The direct nanoLC/MS/MS method reported here is an important advancement for the analysis of steroid hormones extracted from complex solid tissue matrices such as marine mammal blubber. The advantages of this method are: an LLOQ significantly lower than previously reported, high specificity, no need for chemical derivatization, and the small sample requirement with an injection volume of 1 μL. This methodology was optimized in the complex blubber matrix and will inform analyses in other matrices with high fat content. It provides significant improvement in the field of marine mammal research, where steroid hormone analysis is currently performed using an ELISA which requires larger sample mass, is less specific due to cross-reactivity, and generates data only on a single hormone. The nanoLC/MS/MS analysis is ideal for the small sample masses associated with blubber biopsy collection in free-swimming marine mammals as it only requires 50 mg and provides a more complete health assessment with multiple hormone analysis. With the efficient use of the tissue, this hormone analysis method allows for additional analyses to be conducted in biopsy samples that may have been previously precluded due to the limited blubber mass of biopsy samples. This methodology will prove especially valuable for endangered and protected species for which only small samples are available and can be applied to both liquid and solid matrices. This will benefit the reproductive fitness and stress assessments of the IUCN-listed critically endangered Western gray whale population as well as other marine mammal populations. Future directions of this research will also involve the inclusion of additional biologically relevant steroid hormones in the analyses, such as estradiol and other glucocorticosteroids.
